Abstract. The effects of histone deacetylase (HDAC) inhibitors on epithelial-mesenchymal transition (EMT) differ in various cancers. E-cadherin is a cell-to-cell adhesion protein, whereas accumulation of vimentin is related to the development of the spindle shape of the mesenchymal cell phenotype. We investigated the EMT phenotypes of human cholangiocellular carcinoma HuCC-T1, JCK and SNU-1079 cell lines. To this end, we measured the expression of E-cadherin or zonula occludens (ZO)-1 and vimentin, epithelial and mesenchymal cell markers, respectively, using real-time reverse transcription-polymerase chain reaction, western blotting, and immunofluorescence microscopy following treatment with trichostatin A (TSA, 200 nM) or valproic acid (VPA, 0.5 mM) with or without gemcitabine (GEM, 50 nM) for 24 h. In addition, we performed cell morphology, migration, and invasion assays. HuCC-T1 cells changed from spindle-to rectangular-shaped after co-treatment with GEM and TSA or VPA. Furthermore, cells co-treated with GEM and TSA or VPA exhibited protein levels of E-cadherin or ZO-1 that were higher than those in cells treated with GEM alone, indicating stronger inhibition of EMT. However, vimentin expression was also increased. Confocal microscopy revealed enhanced expression of E-cadherin or ZO-1 and vimentin in all three cell lines. Migration and invasion were inhibited in HuCC-T1 cells co-treated with GEM and TSA or VPA, compared to those treated with GEM alone. In conclusion, co-treatment of cholangiocarcinoma cells with TSA or VPA and GEM suppressed EMT with tolerable cytotoxicity. However, the HDAC inhibitors augmented both E-cadherin and vimentin expression and their effects varied in different cholangiocarcinoma cell lines. Therefore, the clinical use of HDAC inhibitors in biliary cancer should be considered cautiously.
Introduction
Cholangiocellular carcinoma (CCA) is more prevalent in Asian countries than it is in Western countries. However, the incidence of intrahepatic CCA has increased worldwide. Most patients present with advanced disease, and less than 30% are eligible for curative resection. After surgery, the 5-year survival rate is 20%, and chemotherapy and radiation have not yet been proven to prolong survival time (1) . Chronic inflammation, cytokines and molecular alterations induce genetic and epigenetic changes, which contribute to the initiation, promotion and progression of CCA (2) . Acetylation or deacetylation of the lysine residue in histones modifies chromatin through the competitive action of histone acetyltransferases (HATs) and histone deacetylases (HDACs). HDACs promote carcinogenesis by repressing tumor-suppressor genes, and they are overexpressed in numerous types of tumors (3) . HDACs are divided into four classes based on their homology to yeast HDACs.
HDAC inhibitors are also divided into four classes based on their chemical structures: Hydroxamates [including trichostatin A (TSA) and suberoylanilide hydroxamic acid (SAHA)], aliphatic acids [including valproic acid (VPA)], cyclic peptides, and benzamides (4) . Hyperacetylation by HDAC inhibitors is associated with chromatin decondensation, leading to the transcription of genes with anticancer effects such as antiproliferation, cell cycle arrest, differentiation and apoptosis. TSA exhibits antiproliferative effects on biliary tract cancer cell lines (5) . SAHA and VPA act synergistically with the chemotherapeutic drug 5-fluorouracil (5-FU) against CCA cells (6) . VPA augments the effect of 5-FU on CCA and pancreatic cancer cells, possibly by increasing apoptosis or p21 expression (7) . These results suggest that HDAC inhibitors have therapeutic potential for cancers of the biliary tract, and act synergistically with conventional chemotherapeutic drugs.
Malignant cells undergo epithelial-to-mesenchymal transition (EMT), a process by which epithelial cells lose their cell-cell adhesion properties, acquire a non-polarized mesenchymal phenotype, and express proteins such as vimentin, Snail, zinc finger E-box-binding homeobox 1 (Zeb1) and Twist family bHLH transcription factor 1 (Twist) (8) . The expression of vimentin and loss of E-cadherin are associated with carcinogenesis and are linked to tumor cell migration and invasion (9) . Histone modification has been shown to play a key role in controlling EMT. Specifically, recent reports have shown that HDAC inhibitors are associated with suppression of EMT in various solid tumors (10) (11) (12) (13) (14) . Numerous studies have reported that various HDAC inhibitors reverse or attenuate EMT through the upregulation of E-cadherin in different solid tumors such as hepatocellular carcinoma (HCC) (10), breast (11, 12) , esophageal (13) , and ovarian (14) cancers.
In addition, HDAC inhibitors attenuate EMT induced by transforming growth factor (TGF)-β1 in different cells, such as hepatocytes (15) , retinal pigment epithelial (16) , lens epithelial (17) , and renal epithelial cells (18) . These results suggest that HDAC inhibitors may be applied therapeutically to reduce EMT. However, recent studies have also reported that HDAC inhibitors may induce EMT and stem cell properties, as well as enhance metastasis and invasion in prostate (19) , head and neck squamous cell carcinoma (20) , nasopharyngeal carcinoma (21) , and colorectal (22) cancer. In contrast, Sakamoto et al (23) reported that the HDAC inhibitor vorinostat suppressed TGF-β-induced EMT in biliary tract cancer. The effect of HDAC inhibitors on the suppression of EMT appears to differ according to the cell type examined, the specific HDAC inhibitor used, and its dose. Whether HDAC inhibitors inhibit or induce EMT in cholangiocarcinoma needs to be clarified. Therefore, in this study, we investigated the effect of the HDAC inhibitors TSA and VPA on the EMT of CCA cells alone and in combination with the chemotherapeutic drug gemcitabine (GEM). We evaluated the expression of E-cadherin or zonula occludens (ZO-1), epithelial markers, and vimentin, a mesenchymal marker. EMT was evaluated by observing cell morphology and performing migration and invasion assays.
Materials and methods
Cell lines and culture condition. We used three CCA cell lines. HuCC-T1 and SNU-1079 cells were purchased from the American Type Culture Collection (ATCC, Rockville, MD, USA) and the Korea Cell Line Bank (Seoul, Korea), respectively, and JCK cells were a kind gift from D.H. Kim, from Cheonbuk National University. The cell lines were maintained in Dulbecco's modified Eagle's medium (DMEM; Sigma-Aldrich, St. Louis, MO, USA) containing 10% heat-inactivated fetal bovine serum (FBS; Sigma-Aldrich), 100 U/ml potassium penicillin (Sigma-Aldrich), 100 g/ml streptomycin, 2 mM glutamine (Sigma-Aldrich) and 20 mM sodium bicarbonate (Sigma-Aldrich). The cells were incubated with 5% CO 2 in 95% humidity in a 37˚C chamber. The growth medium was changed every 3 days.
Real-time quantitative polymerase chain reaction (RT-qPCR).
Total RNA was isolated using the RNase Mini kit (Qiagen, Inc., Valencia, CA, USA). Residual DNA was removed using an RNase free DNase kit (Qiagen, Inc.). Applied Biosystems™ High-Capacity RNA-to-cDNA kit (Thermo Fisher Scientific, Inc., Waltham, MA, USA) was used to reverse-transcribe 1 µg RNA into cDNA, according to the manufacturer's instructions. RT-qPCR was performed using specific primers to quantify gene expression using Applied Biosystems™ SYBR Green RT-PCR reagents (Thermo Fisher Scientific, Inc.).
The relative amount of mRNA was normalized to the expression of actin. The primer sequences used in this study were as follows: Actin: Forward, 5'-GTT GTC GAC GAC GAG CG-3' and reverse, 5'-GCA CAG AGC CTC GCC TT-3'; zonula occludens (ZO-1): Forward, 5'-CCC CAC TCT GAA AAT GAG GA-3' and reverse, 5'-GGG AAC AAC ATA CAG TGA CGC-3; E-cadherin: Forward, 5'-TTC TGC TGC TCT TGC TGT TT-3' and reverse, 5'-TGG CTC AAG TCA AAG TCC TG-3; and vimentin: Forward, 5'-GCC CTT AAA GGA ACC AAT GA-3' and reverse, 5'-AGC TTC AAC GGC AAA GTT CT-3'. The PCR reactions were repeated three times in three independent experiments. The expression of ZO-1 was determined for SNU-1079 cells.
Western blot analysis. Total protein was extracted, and the protein concentration was measured using the Bradford DC protein assay (Bio-Rad Laboratories, Inc., Hercules, CA, USA). Subsequently, 20-40 µg protein from each sample was separated using 12% Bis-Tris polyacrylamide gel electrophoresis and blotted onto Immobilon transfer membranes (EMD Millipore, Billerica, MA, USA). The blots were immunostained with E-cadherin (1:100; cat. no. 701134; Invitrogen; Thermo Fisher Scientific), ZO-1 (1:200; cat. no. 61-7300; Zymed Laboratories ® ; Thermo Fisher Scientific) and vimentin (1:200; cat. no. V2258; Sigma-Aldrich; Merck KGaA, Darmstadt, Germany) primary antibodies at 4˚C overnight, followed by incubation with the secondary antibody at room temperature for 1 h. The expression of ZO-1 was determined for SNU-1079 cells. The proteins were visualized using enhanced chemiluminescence (ECL) with Plus Western Blotting Detection reagents (iNtRon Biotechnology, Daejeon, Korea), followed by exposure to X-ray film (LAS-3000 mini; Fuji Film, Tokyo, Japan).
Immunofluorescence microscopy. For the immunofluorescence microscopy analysis, the CCA cell lines were seeded on individual sterile coverslips placed in the wells of 4-well plates and incubated for 24 h. Subsequently, the cells were treated with 200 nM TSA or 0.5 mM VPA diluted in DMEM with 1% FBS for 48 h. After washing the cells with PBS, they were fixed in 3.7% paraformaldehyde for 20 min at room temperature. The paraformaldehyde was removed, the cells were washed with PBS, incubated with blocking solution for 30 min to prevent non-specific binding, and then incubated with anti-E-cadherin (1:100; cat. no. Cell invasion and migration assays. We performed cell invasion and migration assays using HuCC-T1 cells. Briefly, HuCC-T1 cells were seeded in 96-well plates over a homogeneous, thin layer of fibronectin (BD Biosciences, Bedford, MA, USA) in Millicell cell culture inserts (EMD Millipore, Billerica, MA, USA) containing polycarbonate filter membranes with 8-µm diameter pores. The invasion assay was performed using Transwell chambers coated with Matrigel prior to cell seeding. Control group tumor cells were maintained in DMEM supplemented with 1% FBS and 1% antibiotics, and the cells in the HDAC inhibitor group were treated with 50 nM GEM, 200 nM TSA, or 0.5 mM VPA diluted in the medium. The lower chamber contained DMEM supplemented with 10% FBS and 1% antibiotics. After plating, cells were incubated for 24 h at 37˚C in a 5% CO 2 -humidified incubator. Invasive cells in the lower chamber were stained with hematoxylin and eosin (H&E). Images were acquired using a QImaging ExiAqua monochrome digital camera attached to a Nikon Eclipse 80i Microscope (Nikon, Melville, NY, USA) and visualized using the QCapture Pro software (pro 5.1; QImaging Corp., Surrey, BC, Canada). HuCC-T1 cells were allowed to grow in DMEM containing 10% FBS confluently in a 6-well plate. A central linear wound was made with a 200-ml sterile pipette tip and then the cells were washed twice with PBS. Afterwards, the HDAC inhibitor group was treated with 50 nM GEM, 200 nM TSA, or 0.5 mM VPA diluted in the medium with 1% FBS. Plates were photographed after 0, 24 and 48 h.
Cytotoxicity assay. Cell viability was assessed using the Promega cell proliferation 3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxym ethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium (MTS) assay kit (Promega, Madison, WI, USA). Briefly, HuCC-T1 cells were seeded in 96-well plates at a density of 1x10 3 per well and incubated with increasing concentrations of TSA, VPA, and GEM for 48 h, and concentration-response curves were calculated. Subsequently, dead cells were washed away, and the attached cells were incubated with MTS, followed by cell viability detection using microplate reader Model-680 (Bio-Rad Laboratories). All experiments were performed in triplicate.
We performed a cytotoxicity assay for gemcitabine, TSA, and VPA for the three CCA cell lines. For gemcitabine and TSA we selected concentrations that inhibit cell proliferation by 0-20%. For valproic acid, we selected a tolerable toxicity to humans, <0.5 mM.
Statistical analysis. Data were analyzed with SPSS software version 18.0 (SPSS Inc., Chicago, IL, USA). Continuous variables are presented as means ± standard deviation and were compared between the groups by one-way analysis of variance (ANOVA) followed by Turkey's multiple comparison tests. Differences with P-values <0.05 were considered significant.
Results
Cell morphology. Morphological changes were most prominent in the HuCC-T1 cells, which were elongated following treatment with GEM alone. Notably, after co-treatment with GEM and TSA or VPA the cells reverted to a rectangular shape. JCK and SNU-1079 cells treated with GEM exhibited a spindle-shaped morphology. However, co-treatment with GEM and TSA or VPA did not show an additive effect (Fig. 1). mRNA expression of E-cadherin (or ZO-1) and vimentin. In the HuCC-T1 cells, mRNA expression of E-cadherin increased following treatment with TSA, GEM, and co-treatment with GEM and TSA or VPA. In JCK cells, expression of E-cadherin was increased by GEM and co-treatment with GEM and TSA or VPA. In SNU-1079 cells, mRNA levels of ZO-1 were increased by co-treatment with GEM and TSA or VPA. Vimentin levels were increased by GEM and TSA or VPA in all three cell lines. Co-treatment with GEM and TSA augmented vimentin expression compared to GEM treatment alone in all three cell lines (Fig. 2) .
Protein expression of E-cadherin (or ZO-1) and vimentin.
In HuCC-T1 cells, expression of E-cadherin increased in the presence of TSA or GEM, compared to levels in the control cells. Co-treatment of cells with GEM and TSA increased the expression of E-cadherin more than treatment with GEM alone. However, VPA did not induce any change. In JCK cells, treatment with GEM, TSA and VPA increased the expression of E-cadherin compared to that in the control cells. Notably, compared to the cells treated with GEM alone, expression of E-cadherin did not increase when cells were co-treated with GEM and TSA or VPA. In SNU-1079 cells, treatment with GEM, TSA and VPA increased expression of ZO-1 compared to that in the control cells. Furthermore, cells co-treated with GEM and TSA or VPA showed higher expression levels of ZO-1 than cells treated with GEM alone. The expression of vimentin slightly increased in all three cell lines following co-treatment with GEM and TSA or VPA, as well as with GEM alone (Fig. 3) . Immunofluorescent staining revealed that E-cadherin or ZO-1 expression in the membranes of HuCC-T1, J-CK, and SNU 1079 cells was increased by treatment with TSA or VPA and GEM compared with GEM treatment alone. However, vimentin expression in the cytoplasm was also increased in all three CCA cell lines (Fig. 4) .
Migration and invasion assays. The migration assays after treatment of HuCC-T1 cells with GEM alone showed augmented migration areas, which decreased in cells co-treated with GEM and TSA or VPA. Treatment with TSA or VPA alone showed a decrease or no change in the migration area, respectively (Fig. 5A) . The invasion assays showed that cell invasion was decreased by treatment with GEM, TSA, or VPA. GEM and TSA had an additive effect on inhibition of cell invasion, whereas GEM and VPA did not (Fig. 5B) .
Cell proliferation. Cell proliferation was assessed in the presence of single or co-treatment with GEM, TSA, and VPA. We investigated the potential dose-related response of cells exposed to increasing concentrations of GEM with or without TSA or VPA. We evaluated the effects of a fixed concentration of GEM (50 nM) and the HDAC inhibitors TSA or VPA (200 nM or 0.5 mM, respectively) on EMT, as these concentrations slightly inhibited cell proliferation (Fig. 6) .
Discussion
This study demonstrated that the HDAC inhibitors, trichostatin A (TSA) and valproic acid (VPA), increased the expression levels of both E-cadherin and vimentin but inhibited the migration and invasion of cholangiocellular carcinoma (CCA) cells, and this effect was enhanced by co-treatment with the chemotherapeutic drug gemcitabine (GEM).
Epithelial-mesenchymal transition (EMT), which confers invasiveness and migratory properties to cells, is the initial step in carcinogenesis and is associated with poor outcome and resistance to chemotherapy (24) . EMT comprises modifications of gene expression that permit concurrent epithelial phenotype repression and mesenchymal phenotype activation. E-cadherin and ZO-1 maintain cell-to-cell adhesion, and N-cadherin, vimentin, fibronectin, a-smooth muscle actin, and matrix metalloproteinases constitute intermediate filaments that are detected in mesenchymal cells. EMT-inducing transcription factors (EMT-TFs), such as SNAIL, ZEB, and TWIST, are highly expressed in CCA cells (25) . In this study, we selected E-cadherin as an epithelial marker and vimentin as a mesenchymal cell marker. We used ZO-1 as an epithelial marker for SNU-1079 cells, in which E-cadherin is lost owing to hypermethylation (26) .
The TGF-β signaling pathway plays a major role in EMT and increases the expression of Twist, N-cadherin, and vimentin (27) . TSA was found to suppress TGF-β-induced downregulation of E-cadherin and increase the expression of DNA binding 2 and bone morphogenic protein-7, which in turn inhibited TGF-β-induced EMT in human renal epithelial cells (18) . These findings are consistent with our observation that TSA or VPA upregulated E-cadherin levels in CCA cells. Specifically, we investigated the expression of E-cadherin following exposure of cells to HDAC inhibitors alone or in combination with GEM. Despite some differences between the cell lines, the expression of E-cadherin increased following treatment with the HDAC inhibitors, and this effect was synergistic with GEM.
The human vimentin gene (VIM) includes a TATA box, eight putative GC-boxes, a nuclear factor (NF)-κB binding site, a polyoma enhancer activator 3-binding site, and proximal silencer elements, suggesting that gene regulation of VIM is associated with various EMT-specific and general transcription factors (28) (29) (30) (31) . For example, zinc-finger binding protein 89 is a negative regulator of vimentin, which recruits HDAC1 at the VIM promoter. Treatment with TSA releases HDAC1 from the promoter and activates VIM expression (32) . Vorinostat, an HDAC inhibitor, was found to increase the expression and the acetylation of the EMT-TF Snail and decrease its degradation in nasopharyngeal carcinoma cells. In turn, Snail increased VIM expression (21) . TSA suppressed EMT by upregulating E-cadherin and downregulating vimentin, by suppressing Slug expression in colorectal and prostate cancer. Specifically, TSA was found to increase HDAC1 and 2 on the promoter of Slug, decreasing the expression of Slug and consequently that of vimentin (33) . Therefore, HDAC inhibitors have been indicated as both inducers and repressors of vimentin. The specific effect probably depends on the cell type and the HDAC inhibitor used.
The present study showed that TSA or VPA increased not only the expression of E-cadherin but also that of vimentin. However, the effects on vimentin expression were less than those on E-cadherin. Therefore, the effect of vimentin has limited action on cell motility and wound healing potential. This would justify the reversion to the epithelial phenotype, despite the elevation of vimentin expression. This study revealed that the invasion and wound healing abilities of HuCC-T1 were cells decreased following co-treatment with one of the HDAC inhibitors in addition to GEM, indicating suppression of EMT. Additionally, HuCC-T1 cell morphology reverted from an elongated to a rectangular shape after co-treatment with TSA or VPA in addition to GEM.
Han et al (34) reported that TSA induced a mesenchymallike morphology and vimentin expression in human gastric and breast cancer cells. However, E-cadherin expression was also increased and the migratory activity was decreased (34) . Deprivation of E-cadherin increased migration and invasion and potentiated the metastatic potential of vimentin (35) . These results support our findings that the upregulation of E-cadherin suppressed migration and invasion ability.
Some studies indicate that HDAC inhibitors induce EMT (19, 22) . Our previous study revealed that HDAC inhibitors induced EMT by decreasing E-cadherin through its translocation into the nucleus and potentiated the effect of TGF-β-induced EMT of colon cancer cells (22) . Another study reported that TSA and SAHA induced EMT by upregulating mesenchymal markers (vimentin, N-cadherin, and fibronectin) and stem cell markers [sex determining region Y-box 2 (Sox-2) and Nanog] through the activation of EMT-TFs (Zeb1, Zeb2, and Slug) in prostate cancer cells (19) . In contrast, a different study indicated that vorinostat inhibited TGF-b1/Smad signaling and increased the expression of the cadherin-1 gene (CDH1) in biliary cancer cells (23) . The authors suggested that vorinostat is associated with the downregulation of mesenchymal markers such as Snail, Zeb, and Twist, indicating the suppression of EMT (23) . These discrepant results may have originated from the differential effect of HDAC inhibitors on the various cell types and the expression pattern of the HDACs, as well as the type of HDAC inhibitor and its dose. Other factors that could be implicated include non-histone proteins that may act as substrates of HDACs including transcription factors, transcription regulators and signal mediators (36) . Therefore, the effect of HDAC inhibitors might be associated with multiple pathways that are directly or indirectly regulated by HDACs.
Co-treatment with HDAC inhibitors and conventional chemotherapy has been reported to exert a synergistic effect on cancer cell proliferation (37) . Although the combination of HDAC inhibitors and chemotherapeutic agents has been shown to be effective, the results of the co-treatment vary in effectiveness according to the type of HDAC inhibitor, the particular chemotherapeutic agent, the specific tumor type, and the genetic alterations of the tumor. The mechanisms by which HDAC inhibitors potentiate the effect of chemotherapeutics in specific disease are largely unknown. A plausible mechanism is that the HDAC inhibitor-mediated DNA decondensation increases chromatin accessibility and subsequently facilitates access of DNA-damaging agents to their substrate. Alternatively, chemotherapeutic agents may alter EMT-TFs and EMT-related signaling pathways, thereby potentiating the effectiveness of HDAC inhibitors. A recent study reported that co-treatment with vorinostat and GEM improved the survival time in a GEM-resistant xenograft mouse model (23) . In this study, TSA or VPA showed limited suppression of GEM-induced EMT in CCA cells.
In conclusion, we suggest that TSA and VPA in combination with GEM suppressed the migration and invasion of CCA cells, with tolerable cytotoxicity. However, these HDAC inhibitors augmented both E-cadherin and vimentin expression, and the effects were variable in CCA cells. Therefore, the clinical application of HDAC inhibitors in the treatment of biliary cancer should be considered with caution.
